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Impact of anatase and rutile titanium dioxide
nanoparticles on uptake carriers and eﬄux
pumps in Caco-2 gut epithelial cells†
M. Dorier,a,b E. Brun,c G. Veronesi,d F. Barreau,e K. Pernet-Gallay,f,g C. Desvergne,h
T. Rabilloud,i C. Carapito,j N. Herlin-Boimek and M. Carrière*a,b
TiO2 microparticles are widely used in food products, where they are added as a white food colouring
agent. This food additive contains a signiﬁcant amount of nanoscale particles; still the impact of TiO2
nanoparticles (TiO2-NPs) on gut cells is poorly documented. Our study aimed at evaluating the impact of
rutile and anatase TiO2-NPs on the main functions of enterocytes, i.e. nutrient absorption driven by
solute-liquid carriers (SLC transporters) and protection against other xenobiotics driven by eﬄux pumps
from the ATP-binding cassette (ABC) family. We show that acute exposure of Caco-2 cells to both
anatase (12 nm) and rutile (20 nm) TiO2-NPs induce early upregulation of a battery of eﬄux pumps and
nutrient transporters. In addition they cause overproduction of reactive oxygen species and misbalance
redox repair systems, without inducing cell mortality or DNA damage. Taken together, these data suggest
that TiO2-NPs may increase the functionality of gut epithelial cells, particularly their property to form a
protective barrier against exogenous toxicants and to absorb nutrients.
1. Introduction
Titanium dioxide particles are among the most produced
mineral particles in the world; they are now introduced in a
wide range of commercial products including food and daily
hygiene products.1 Their production was evaluated at 5000
tons per year in 2006–2010 and was estimated to increase to
10 000 tons per year in 2011–2014.2 Estimations based on daily
consumption of TiO2-containing food lead to the conclusion
that US children may be exposed to 1–2 mg TiO2 per kg bw per
day and US adults may be exposed to 0.2–0.7 mg TiO2 per kg
bw per day.3 Another estimation reports exposure to ∼5 mg
TiO2 per person per day in the UK.
4 TiO2 food additive is
mainly composed of micro-particles with diameter >100 nm,
still about 36% of the particles are less than 100 nm in dia-
meter, i.e. are nanoparticles (TiO2-NPs).
3 The crystal phase of
this food-grade TiO2 is either pure anatase or mixed anatase
and rutile.5 As recently reviewed,6 the literature reporting their
impact on gut cells is scarce.
Bio-distribution, toxico-kinetics and impact of TiO2-NPs
administered per os to rodents depend on NP primary dia-
meter, administration mode, as well as the age of animals.
Adverse eﬀects are observed in a variety of organs including
the intestine, liver, kidneys, brain, immune cells and reproduc-
tive organs.7–9 In vitro, TiO2-NP toxicity studies have, up to
now, focused on the most classical toxicological endpoints, i.e.
cytotoxicity, genotoxicity, oxidative and pro-inflammatory
potentials of NPs. They show that the impact of TiO2-NPs
depends on their physico-chemical characteristics, their
agglomeration state and the modalities of exposure, particu-
larly the presence or absence of serum in exposure medium.
Indeed, it is well documented that the presence vs. absence of
†Electronic supplementary information (ESI) available: Nanoparticle physico-
chemical characterization: size distribution in exposure medium, as measured
by DLS (Fig. S1), and X-ray diﬀraction patterns of A12 and R20 (Fig. S2); charac-
terization of the protein corona on A12 and R20 (Table S1–S4 and experimental).
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serum, as well as the batch of serum modulates the internali-
zation eﬃciency and adverse outcome of NPs.10,11 Mixed
anatase/rutile TiO2-NPs, prepared in serum-free cell culture
medium, induce cell mortality and DNA damage, but no oxi-
dative stress in undiﬀerentiated Caco-2 cells.12,13 Conversely
pure anatase TiO2-NPs, also prepared in serum-free medium,
induce early production of reactive oxygen species (ROS) and
cause the release of IL-8 chemochine, but no overt cytotoxi-
city.14 In diﬀerentiated Caco-2 cells, acute exposure to mixed
anatase/rutile TiO2-NPs in serum-free medium does not com-
promise the epithelium integrity and does not cause cell mor-
tality.15 In this context, we previously showed that pure anatase
TiO2-NPs accumulate but do not translocate through an epi-
thelium of diﬀerentiated Caco-2 cells, and do not cause overt
cytotoxicity and epithelial structure disorganization.16 It is also
well documented that the crystalline phase governs the biologi-
cal impact of TiO2-NPs, both in vitro
13,19 and in vivo.20 Anatase
TiO2-NPs are considered to be more toxic than rutile NPs, par-
ticularly in the presence of light, due to a higher photo-cataly-
tic activity. NPs with mixed anatase and rutile phases induce
more severe cytotoxic and genotoxic damage than pure anatase
or pure rutile NPs. This is possibly due to a synergistic eﬀect
of anatase and rutile phases in contact with each other.13
To go one step beyond these classical toxicological end-
points, in the present study we focused on TiO2-NP impact on
the main functions of enterocytes, i.e. nutrient absorption and
protection against xenobiotic. The rationale for testing such
impact is that these two functions rely on the activity of a
series of cell membrane transporters. Since we previously
showed that TiO2-NPs adsorb on gut cell surface and accumu-
late in gut cells,16 we hypothesized that they may aﬀect the
function of transporters located on the cell membrane of
enterocytes. Nutrient absorption is based on the activity of
membrane transporters from the family of solute lipid carriers
(SLC). The protective function relies on eﬄux pumps which
are members of the family of ATP binding cassette (ABC) trans-
porters, which contribute to the eﬄux of toxins from entero-
cytes and therefore function as gatekeepers against xenobiotic
in the intestine.17
We thus examined the impact of TiO2-NPs on the
expression of these cell membrane transporters on the Caco-2
cell line, which is considered as a good model of enterocytes,
and has been used for long to study the transport and impact
of pharmaceutical molecules through the gut.18 In parallel, we
evaluated TiO2-NP cyto- and genotoxic impact, as well as the
oxidative status of Caco-2 cells exposed to these NPs. We com-
pared the impact of fully characterized anatase and rutile
TiO2-NPs with diameter 12 and 20 nm, termed A12 and R20 (A
standing for anatase and R for rutile; 12 standing for 12 nm
mean diameter and 20 for 20 nm mean diameter).
2. Results
In most experiments, cells were exposed to 50 µg mL−1 of
TiO2-NP, which is a high concentration that can be considered
as a worst case scenario. We chose to expose cells in serum-
containing medium since NPs entering the gut would improb-
ably have a pristine surface, but would rather be coated by a
dense protein corona.
2.1 Nanoparticle physico-chemical characterization
Suspensions of A12 and R20 were dispersed by sonication in
water and diluted in exposure medium, i.e. complete cell
culture medium (DMEM + 10% FBS). Sonication in water
eﬃciently dispersed A12 (see Fig. S1†) but not R20, even after
long term high energy sonication. The Z-average of A12 was
132 nm while it was >1000 nm for R20 (Table 1 and Fig. S1†).
Upon dilution in exposure medium, the Z-average of A12
shifted to 320 nm and PdI increased to 0.290, i.e. the suspen-
sion slightly agglomerated (Table 1 and Fig. S1†). R20
remained agglomerated.
The zeta potential of both NP suspensions in exposure
medium was negative but close to 0, attesting for the instabil-
ity of the suspensions (Table 1). A12 did not further agglom-
erate during the following 48 h,16 certainly because FBS
induced the formation of a tightly-packed protein layer that
prevented further agglomeration, as described by others.21,22
The proteins that adsorbed on the surface of A12 and R20
upon dilution in exposure medium are listed in Tables S1
and S2.† These coronas were quite similar. Still 13 proteins
out of 42 were contained in the corona of A12 but not of R20
(Table S3†) and 7 proteins out of 35 were part of the corona
of R20 but not of A12 (Table S4†). Though, the non-overlap-
ping proteins are among the minor contributors of the
coronas with low unique peptide counts (for all A12 and R20
non-overlapping proteins, the number of unique peptides is
lower than 4).
Therefore physico-chemical parameters that significantly
diﬀered between suspensions of A12 and R20 were their crys-
talline phase, their agglomeration state and, to a smaller
extent, the composition of their protein corona.
Table 1 Physico-chemical characteristics of the TiO2-NPs
a
Parameter A12 R20
Crystalline phase 95% anatase,
5% rutile
90% rutile,
10% anatase
Mean diameter (TEM) (nm) 12 ± 3 22 ± 4
SSA (m2 g−1) 82 ± 3 m2 g−1 73 ± 5 m2 g−1
Z-Average in water (nm) 132 ± 1
(PdI = 0.188)
>1000
(PdI > 0.8)
ζ in water (mV) −20.0 ± 0.6 −19.5 ± 0.9
PZC 6.4 5.6
Z-Average in expo. medium (nm) 320
(PdI = 0.290)
>1000
(PdI > 0.8)
ζ in expo. medium (mV) −10.8 ± 0.6 −11.7 ± 0.8
a Primary particle diameter (mean diameter) was measured on
transmission electron microscopy (TEM) images. SSA: specific surface
area. Z-Average: measurement of NP hydrodynamic diameter (in
number), obtained by photon correlation spectroscopy (PCS). PdI:
polydispersity index. ζ: zeta potential. PZC: point of zero charge. Expo.
medium: exposure medium.
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2.2 Nanoparticle cellular accumulation and distribution
Ti content in cells exposed to A12 and R20, reflecting intra-
cellular accumulation as well as cell membrane adsorption,
was measured by ICP-MS after exposure of Caco-2 cells to
50 µg mL−1 of these NPs. Ti content in cells exposed to R20 was
3 to 4 times as high as in cells exposed to A12 (Fig. 1). It
increased between 6 h and 24 h of exposure; then it slightly
decreased between 24 h and 48 h (Fig. 1). In the same exposure
conditions, their intracellular distribution was observed by
TEM (Fig. 2A and B) and micro-X-ray fluorescence (µXRF)
(Fig. 2C and D).16,23 Electron-dense agglomerates were
observed in cells exposed to A12 (Fig. 2A) and R20 (Fig. 2B).
They located close to the apical pole, entrapped in large cyto-
plasmic compartments and were identified as being composed
of Ti (Fig. 2C and D).
2.3 Cytotoxicity, genotoxicity, cell redox status
We already reported the absence of overt cytotoxicity, epithelial
integrity alteration and para-cellular and trans-cellular per-
meability properties in diﬀerentiated Caco-2 cells exposed to
A12.16 In the present study, neither A12 nor R20 induced overt
cell mortality of undiﬀerentiated Caco-2 cells (Fig. 3A), or any
DNA strand breaks or alkali-labile sites in the comet assay
(Fig. 3B). In contrast, we monitored a significant production of
ROS in cells exposed to 50 µg mL−1 of either A12 or R20. This
increased production of ROS was significant at 6 h of exposure
and did not further increase at 48 h post-exposure (Fig. 3C). At
48 h post-exposure, ROS content was significantly higher in
cells exposed to R20 than in cells exposed to A12 (Fig. 3C). A12
and R20 also significantly increased cellular glutathione
content (Fig. 3D). Although the activity of superoxide dismu-
Fig. 1 TiO2-NP accumulation in Caco-2 cells. Intracellular content of Ti
was measured by ICP-MS in Caco-2 cells exposed to 50 µg mL−1 of A12
(white bars) or R20 (red bars) for 6, 24 or 48 h. Cells were then har-
vested, live cells were counted and Ti content was measured in 360 000
cells (µg Ti). Presented data are expressed as mean of three independent
replicates per condition ± standard deviation; statistical signiﬁcance of
exposed cells vs. control cells, *p < 0.05, Mann–Whitney U-test.
Fig. 2 TEM and µXRF images of TiO2-NPs accumulated in Caco-2 cells.
TEM observation of Caco-2 cells exposed to 50 µg mL−1 of A12 (A) or
R20 for 24 h (B). Micro-XRF imaging of Caco-2 cells exposed to 50 µg
mL−1 of A12 (C) or R20 (D) for 48 h. Phosphorous (P) et titanium (Ti) dis-
tributions are mapped in green and red, respectively. AP: apical pole; BL:
basolateral pole; Tw: transwell membrane.
Fig. 3 Cell viability was probed with the MTT assay (A) after a 24 h-
exposure at NP concentrations ranging from 0 to 200 µg mL−1. Geno-
toxicity of TiO2-NPs (50 µg mL
−1) assessed via the alkaline comet assay
(B). Reactive oxygen species (C) and reduced glutathione (GSH, D) con-
tents, superoxide dismutase (E) and catalase (F) activity modulations,
measured after exposure for 6 h, 24 h or 48 h to 50 µg mL−1 of A12 and
R20. Results are average of 3 independent experiments ± standard devi-
ation except for comet assay where they are median ± standard error of
the mean. *p < 0.05; Mann–Whitney U-test; a: control cells vs. exposed
cells; b: A12 vs. R20, 48 h; c: 6 h vs. 24 h; d: 24 h vs. 48 h.
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tase was significantly reduced (Fig. 3E), we did not observe any
modulation of catalase activity (Fig. 3F). Altogether, these data
evidenced that exposure to NPs did not alter cell viability, but
disturbed the redox balance of exposed cells.
2.4 Impact of TiO2-NPs on nutrient uptake transporters and
xenobiotic eﬄux pumps
TiO2-NPs are accumulated in Caco-2 cells, but also adsorbed
on cell membranes. This interaction may lead to impairment
of membrane functions, which for enterocytes are nutrient
uptake through the SLC transporter family, and protection
against drugs and xenobiotic through eﬄux pumps from the
ABC transporter family. Diﬀerentiation is essential for mem-
brane transporters to reach their final location, i.e. either the
apical or the basolateral pole of the cell. For this experiment
we thus used diﬀerentiated Caco-2 cells, i.e. cells grown 21
days post-confluence.
We monitored significant, although moderate, modulations
of the expression of genes encoding these two families of
transporters (see Table 2 for detail) in Caco-2 cells exposed for
6 h or 48 h to 50 µg mL−1 of A12 (Fig. 4A and B) and R20
(Fig. 4C and D). We generally observed early up-regulation of
Table 2 Genes encoding key transport proteins that were analysed by RT-qPCR
Gene identification Encoded protein name and function
CAV1, CAV2 Caveolin 1 and 2, caveolae proteins
LRP1 Low-density lipoprotein receptor-related protein 1, endocytic receptor
FCGRT Uptake of IgG through intestinal epithelial cells
INSR Insulin receptor
TFRC Transferrin receptor
SLC2A1 Glucose transporter
SLC15A1, 15A2 Proton-coupled peptide transporters
SLC7A7, 7A8 Cationic amino-acid transporters
SLCO1A2 Sodium-dependent transporter of organic ions
MDR1 = ABCB1 P-glycoprotein, drug and xenobiotic eﬄux, broad substrate specificity
MRP1 = ABCC1 Multidrug resistance protein 1, eﬄux of organic anions and glutathione-conjugated compounds
MRP2 = ABCC2 Multidrug resistance protein 2, eﬄux of organic anions
MRP4 = ABCC4 Multidrug resistance protein 4, eﬄux of organic anions, undetermined specific function
MRP5 = ABCC5 Multidrug resistance protein 5, eﬄux of cyclic nucleotides
MRP6 = ABCC6 Multidrug resistance protein 6, eﬄux of organic anions, glutathione-conjugated compounds
BCRP = ABCG2 Breast cancer resistance protein
Fig. 4 mRNA expression in Caco-2 cells exposed to TiO2-NPs. mRNA expression of ABC eﬄux pumps and nutrient transporters, quantiﬁed by RT-
qPCR after 6 h or 48 h of exposure to 50 µg mL−1 of A12 (A−B) and R20 (C−D). Results are expressed as fold change in NP-exposed cells as com-
pared to unexposed cells. They represent mean of 3 replicates ± standard deviation; control vs. exposed cells, *p < 0.05, Mann–Whitney U-test.
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ABC transporter-encoding genes: MRP1, MRP2, MRP4 and
BCRP were up-regulated in cells exposed for 6 h to A12
(Fig. 4A) and R20 (Fig. 4C). Moreover, at 6 h of exposure,
MDR1 was upregulated by R20 only and MRP6 was down-regu-
lated by A12 only. These modulations were transient since
after 48 h of exposure the only significant changes in gene
expression was up-regulation of MDR1 in cells exposed to A12
and up-regulation of MRP4 in cells exposed to R20.
In opposition to the early up-regulation of eﬄux pumps, we
observed late modulation of the expression of genes encoding
SLC transporters, which was also rather up-regulation (Fig. 4B
and 4D). After 48 h of exposure, both A12 and R20 induced up-
regulation of SLC2A1 (GLUT-1) and LRP1, encoding transpor-
ters involved in the hexose/lipid homeostasis processes. A12
and R20 also induced up-regulation of SLC7A8, SLC15A1 and
SLC15A2 encoding proton-coupled PepT1 and PepT2 peptide
transporters, respectively, involved in the amino acid and
peptide absorption processes. Finally they both induced up-
regulation of SLCO1A2, encoding the OATP1A2 transporter,
implicated in the transport of a variety of organic ions includ-
ing drugs and xenobiotic. Furthermore, A12 and R20 induced
up-regulation of genes encoding two caveolins (CAV1 and
CAV2). The insulin receptor, INRS, was upregulated in cells
exposed for 48 h to A12 only. LRP1, SLC2A1 and SLC7A8 were
also upregulated by A12 after 6 h of exposure, while CAV1 and
FCGRT, encoding an IgG transporter, were down-regulated by
A12 after 6 h of exposure. Finally, SLC7A7 was upregulated in
cells exposed for 6 h to R20.
At the protein level, expressions of MDR1 and BCRP were
significantly reduced in Caco-2 cells exposed 6 h to A12 and
R20, and expression of MDR1, MRP1, MRP2 and BCRP were
significantly increased after 48 h of exposure to both A12
(Fig. 5A) and R20 (Fig. 5B).
3. Discussion
ABC transporters are considered as gatekeepers in the gut, as
they reduce the cellular burden of xenobiotics.17 Regulation of
their expression has been extensively studied since it is one of
the mechanisms leading to the multi-drug resistance pheno-
type in cancer cells. It occurs at both the transcriptional, post-
transcriptional and post-translational levels. Our results show
a global induction of MRP1, MRP2, MRP4 and BCRP genes in
cells exposed to TiO2-NPs. This induction is detected at the
mRNA expression level after 6 h of exposure and at the protein
level following 48 h of exposure. This can be interpreted as a
feedback loop, where cells react to the lack of protein by indu-
cing mRNA expression; consequently at 48 h, these ABC trans-
porters are upregulated at the protein level while their mRNA
expression has returned to its basal level. Coordinated regu-
lation of these genes has already been demonstrated in the
liver, in response to binding to their promoter region of
nuclear receptors such as aryl hydrocarbon receptor, pregnane
X receptor, constitutive androstane receptor, peroxisome proli-
ferator-activated receptor α and nuclear factor-E2-related factor
2 (Nrf2).24,25 Nrf2 is a transcription factor that is activated in
response to oxidative stress. It regulates the expression of a
battery of antioxidant genes;26 it has also been shown to posi-
tively regulate the expression of MRP1, MRP2, MRP4, MRP6,
BCRP, MDR1.24,25,27 With respect to the misbalance of redox
systems that we observe in this study, it is probable that Nrf2
is activated, which would explain the up-regulation of ABC
transporters. This hypothesis is in adequacy with the results
reported by others, from in vivo experiments.7 The conse-
quences of up-regulation of ABC transporters in cells exposed
to TiO2-NPs would be increased resistance to xenobiotic, but
also to drugs such as chemotherapeutic agents, which is either
beneficial or detrimental depending on the situation, i.e.
normal life vs. therapeutic treatment.
Enterocytes express at their cell membrane a battery of
transporters mediating the absorption of main dietary nutri-
ents, i.e. sugars, amino acids, peptides, lipids, organic ions
and a number of ions and solutes. In response to TiO2-NP
exposure, we observe a global up-regulation of transporters
involved in the absorption of most of these nutrients. This
suggests a response to starvation caused by TiO2-NP exposure,
and the necessity to increase cellular absorption of nutrients.
For instance, increased expression of INSR would lead to
increased fixation of insulin, and subsequent translocation of
insulin-responsive vesicles (IRVs). The fusion of these vesicles
with plasma membrane would increase GLUT-4 on the plasma
membrane and finally enhance glucose absorption. We also
report up-regulation of low-density lipoprotein receptor-related
protein 1 (LRP1), which is a major component of IRVs.28 This
down-regulation in intestinal cells has been associated with
decreased IRVs migration toward cell surface.29 LRP1 up-regu-
lation in TiO2-NP-exposed cells would thus be induced in
response to the signal of IRVs migration for GLUT-4 presen-
tation on cell surface, which would result from glucose star-
vation. In our results, up-regulation of GLUT-1 also suggests a
Fig. 5 Protein expression in Caco-2 cells exposed to TiO2-NPs. Protein
expression of MDR1, MRP1, MRP2 and BCRP, quantiﬁed by western blot
after 6 h or 48 h of exposure of Caco-2 cells to 50 µg mL−1 of A12 (A)
and R20 (B). Data represent mean of 3 replicates ± standard deviation;
control vs. exposed cells, *p < 0.05, Mann–Whitney U-test.
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response to glucose starvation, GLUT-1 being a facilitated-
diﬀusion glucose transporter that is essential for the mainten-
ance of high rates of glucose influx demanded by glycolysis.
The insulin-responsive glucose absorption pathway has been
identified as regulated by caveolin-1, an integral transmem-
brane protein of caveolae which protects the insulin receptor
against degradation by the proteasome.30 In TiO2-NP exposed
cells, CAV-1 mRNA expression is reduced; insulin-receptor
would thus be less protected from degradation, which would
be another argument supporting glucose starvation. Moreover
CAV-1 is necessary for the migration of GLUT4 to cell surface,
certainly in caveolae.30 This possible response to starvation
may be induced by sequestration of nutrients on the surface of
TiO2-NPs, as already suggested for carbon-based NPs, particu-
larly nanotubes.31 Nanoparticle interaction with biomolecules
is not limited to interaction with proteins, interaction with
lipids and carbohydrates has also been demonstrated.32 This
interaction may deplete exposure medium from these nutri-
ents, thus inducing cell starvation.
Recent studies show that TiO2-NPs exert some toxic eﬀects
on undiﬀerentiated12,13 or diﬀerentiated15 Caco-2 cells when
they are prepared in serum-free medium. In the present study
we evidence neither cytotoxicity nor DNA damage in Caco-2
cells exposed to TiO2-NPs. Discrepancies between these
studies and our results can be explained by the surface coating
of TiO2-NPs by the diﬀerent protein coronas that form on NPs
in presence and in absence of serum. As previously reported
for SiO2- and polystyrene-NPs the impact and cell uptake of
NPs prepared in serum-containing culture medium is lower
than that of NPs prepared in medium that does not contain
serum.11,33 In absence of serum, NP adhesion on cell mem-
branes and cellular uptake is higher and results in a diﬀerent
intracellular distribution: some NPs are observed “free” in cell
cytosol, while in the presence of serum all the NPs are
entrapped and sequestered in cytoplasmic vesicles that may
avoid their interaction with active molecules in the cytosol.11,33
Our results, added to the data that we previously reported in
A549 cells34,35 and the results from the literature, suggest that
this might also be the case for TiO2-NPs.
Next, our results evidence that intracellular accumulation of
R20 is higher than accumulation of A12. This can either be
due to more eﬃcient cell uptake of R20, as compared to A12,
or to higher exposure of cells to R20, as compared to A12.
Again, uptake eﬃciency has been described as being driven by
the protein corona that coats NPs,11,33 which defines their
potency to interact with cell membranes and membrane trans-
porters/receptors that may contribute to their internalization.
It has also been shown to be governed by the crystalline struc-
ture of TiO2-NPs (for reviews see ref. 36, 37) and by their
agglomeration state.38 Nevertheless, as the protein coronas on
the surface of A12 and R20 have very close compositions, this
parameter cannot explain diﬀerential accumulation of these
NPs. Moreover A12 and R20 are covered with proteins, their
mineral surface is thus hidden behind this corona and it is
unlikely that the crystalline structure aﬀects NP uptake by cells
since the cell membrane is thus not directly exposed to
anatase or a rutile mineral surface. Finally R20 are more
agglomerated than A12 in exposure medium, this may trigger
more eﬃcient cell uptake since agglomeration state defines
the route by which NPs are taken up in cells, some routes
being more eﬃcient and fast than others. Noteworthy, R20
being more agglomerated than A12, these NPs may more
eﬃciently settle down on the cell layer, and consequently cell
exposure to R20 may be higher than cell exposure to A12, as
suggested in the ISDD model.39 Consequently, we consider
that agglomeration state rather than the biological identity (i.e.
the protein corona) or crystalline phase explains the higher
accumulation of R20 in Caco-2 cells that we observe. TiO2-NP
accumulation increases between 6 h and 24 h of exposure,
then decreases between 24 h and 48 h of exposure. This may
be due to the release of NPs from cells, or more probably by
NPs being split between daughter cells during cell division, as
suggested by others.40,41
Finally, we show that both rutile and anatase TiO2-NPs
cause major redox disorder in Caco-2 cells i.e. increased ROS
and GSH contents, as well as inactivation of superoxide dismu-
tase, but not catalase. GSH is a major molecular antioxidant in
cells. Together with catalase, it is implicated in the elimination
of hydrogene peroxide (H2O2). Correlation of increased intra-
cellular ROS content and increased glutathione production
suggests that cells respond to ROS by inducing antioxidant
response, thereby precluding the settling of oxidative stress.
This hypothesis is supported by the observation of absence of
further increase of ROS content between 6 h and 48 h.
However, inactivation of superoxide dismutase, which cata-
lyses the dismutation of superoxide (O2
−) to molecular oxygen
(O2) or hydrogen peroxide (H2O2), may lead to accumulation of
superoxide in NP-exposed cells. Superoxide is a byproduct of
mitochondrial respiration; it is thus permanently produced in
cells where it causes oxidative damage, such as mutagenesis
and genomic instability, if not appropriately scavenged. Conse-
quently our results prove that TiO2-NPs might indirectly cause
oxidative damage in exposed cells, by avoiding the scavenging
of deleterious O2
−.
In summary, we show that TiO2-NPs, both anatase and
rutile, induce up-regulation of a battery of SLC transporter and
eﬄux pumps from the ABC transporter family in Caco-2 enter-
ocytes, correlated to misbalance of cellular redox systems
which may lead to accumulation of superoxide in exposed
cells. However they do not cause overt mortality or damage
to DNA.
4. Experimental
4.1 Physico-chemical characterization of nanoparticles
The used TiO2-NPs, termed A12 and R20, were produced in
our laboratories.42 Their specific surface area was measured by
the Brunauer, Emmett and Teller (BET) method, their crystal-
line phase by X-ray diﬀraction and their diameter was
measured on transmission electron microscopy (TEM) images,
as previously described.34,35 NPs suspensions (10 mg mL−1)
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were prepared in ultrapure sterile water by pulsed probe
sonication (Vibra Cell 75043, 20 kHz, Bioblock scientific,
28% amplitude, 1 s on/1 s oﬀ, 4 °C). Cells were exposed to
50 µg mL−1 of NPs diluted in cell culture medium containing
10% FBS. Their zeta potential was measured using a Zetasizer
3000HS and their agglomeration state was followed by
dynamic light scattering (Malvern ZetaSizer 3000HS, Worces-
tershire, UK).
4.2 Cell culture
Caco-2 cells (ATCC HTB-37, passages from 39 to 45) were cul-
tured in Dulbecco Modified Medium supplemented with 10%
(v/v) foetal bovine serum, 2 mM L-glutamine, 1% (v/v) non-
essential amino acids, 50 UI mL−1 penicillin and 50 µg mL−1
streptomycin and maintained at 37 °C, 5% CO2. For synchro-
tron-radiation micro X-ray fluorescence (SR-µXRF), TEM and
qPCR experiments, cells were seeded at a density of 50 000
cells cm−2 on Transwell-Clear® inserts (polyester, 0.4 μm
pores, Costar), grown to confluence and exposed to NPs at 21
days post-confluence. In this condition, the Caco-2 epithelium
was well diﬀerentiated.16 For all other experiments, cells were
exposed at sub-confluence in multi-well plates.
4.3 Imaging
4.3.1 Transmission electron microscopy. After 48 h of
exposure to NPs of the apical pole of cells, transwell mem-
branes on which cells were grown were rinsed with PBS, fixed
in 2% glutaraldehyde in cacodylate buﬀer and in 1% osmium
tetroxide, dehydrated through a graded series of ethanol and
embedded in Epon resin. Ultra-thin sections were cut and
stained with 1% uranyl acetate. They were observed on a JEOL
1200EX TEM operating at 80 kV.
4.3.2 Micro X-ray fluorescence imaging and X-ray absorp-
tion spectroscopy analysis. Samples embedded for TEM obser-
vation were also analysed by SR-µXRF, that detects trace
element concentrations down to a few ppm, and enabled the
mapping of their distribution on ID21 beam line (ESRF, Greno-
ble, France). Cross-sections (3 µm) were cut and sandwiched
between 4 µm-thick Ultralene® foils (SPEX SamplePrep). The
X-ray beam was focussed to 0.2 × 0.8 µm2 (V × H) by means of
a Tungsten Fresnel Zone Plate lens. Ti, K, Ca, P/Os and Cl
maps were acquired at fixed energy (5.1 keV), with a 1 × 1 µm2
step. Data were processed using PyMCA.43 Cells were identified
by mapping P/Os distribution and TiO2-NP by mapping Ti
distribution.
4.4 Ti intracellular content quantification
Intracellular Ti content was quantified using ICP-MS. After
exposure, cells were thoroughly washed 4 times with PBS to
remove particles that would be loosely bound to cell mem-
brane. They were then harvested and counted. 360 000 cells
were suspended in 200 µL of ultrapure water. These samples
were dissolved by microwave-assisted acid decomposition,
using conditions adapted from,44 in 10 mL of 48% (vol/vol)
ultrapure grade H2S04, for 30 min at 1100 W. Samples
were then diluted in ultrapure grade 1% (vol/vol) HNO3 and
analysed on a Nexion 300X ICP-MS (Perkin Elmer) equipped
with a concentric nebulizer and operated in standard mode.
Calibration curves were obtained from a certified ionic Ti solu-
tion. The concentrations of 47Ti, 48Ti and 49Ti were analysed;
final interpretation of the results was carried out on 47Ti due
to interference of S (from H2SO4) on
48Ti.
4.5 NP impact assessment
4.5.1 Cytotoxicity assay. Cells exposed to 0–200 µg mL−1
TiO2-NP for 24 h, in cell culture medium containing FBS. Cell
metabolic activity, reflecting NPs cytotoxicity, was assessed by
using 3-(4,5-dimethylthiazol-z-yl)-2,5-diphenyl-tetrazotium
bromide (MTT). After exposure, medium was replaced by
0.5 mg mL−1 MTT; after 2 h at 37 °C formazan crystals were
dissolved in DMSO. Plates were centrifuged at 200g for 5 min
to allow NPs to settle down, supernatants were then trans-
ferred to a new plate and absorbance was measured at 550 nm.
Interference of NPs with the MTT assay was monitored, as pre-
viously described.16
4.5.2 Genotoxicity assays. DNA strand breaks and alkali-
labile sites were assessed via the alkaline comet assay.45 After
exposure to NPs, cells were harvested, centrifuged at 200g for
5 min and suspended in PBS. Cell suspension was mixed with
1% low melting point agarose and deposited onto agarose-
coated slides. After solidification on ice, slides were immersed
in cold lysis buﬀer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris,
10% DMSO, 1% Triton X-100) for 1 h, at room temperature, in
the darkness. After alkaline unwinding (300 mM NAOH, 1 mM
EDTA, pH > 13), electrophoresis was processed at 0.7 V cm−1,
300 mA for 24 min. Slides were neutralized with 0.4 M Tris pH
7.5 and stained with ethidium bromide before observation.
Comet analysis was achieved with Comet IV software (Percep-
tive instruments, Suﬀolk, UK).
4.5.3 Redox status assays. Redox status was first
evaluated through measurements of intracellular ROS pro-
duction, using 2′,7′–dichlorodihydrofluorescein diacetate
acetyl ester assay (H2-DCF-DA, Invitrogen).
46 After exposure to
NPs, cells were washed and incubated 30 min at 37 °C with
80 µM H2DCFDA, then harvested by scraping. Fluorescence
intensity was measured with excitation at 480 nm and emis-
sion at 530 nm (Molecular Devices Gemini X fluorescence
spectrophotometer) and normalized with respect to the
protein concentration. Then reduced glutathione (GSH)
content in cells, superoxide dismutase (SOD) and catalase
(CAT) activities were evaluated as described earlier.47 After
exposure, cells were rinsed with PBS, lysed and their volume
was normalized with respect to protein content. GSH was
measured via its oxidation by 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB). Catalase activity was determined by following
the disappearance of H2O2 at 240 nm and comparing to a
standard. SOD activity was measured through the inhibition
by endogenous SOD of nicotinamide adenine dinucleotide
oxidation by superoxide radical anions, produced in situ with
10 mM β-mercaptoethanol. One unit of SOD activity is
defined as the amount causing 50% inhibition of NADH
oxidation in this condition.
Paper Nanoscale
7358 | Nanoscale, 2015, 7, 7352–7360 This journal is © The Royal Society of Chemistry 2015
Pu
bl
ish
ed
 o
n 
25
 M
ar
ch
 2
01
5.
 D
ow
nl
oa
de
d 
by
 C
EA
 S
ac
la
y 
on
 1
4/
04
/2
01
5 
06
:5
8:
35
. 
View Article Online
4.5.4 Real-time polymerase chain reaction (RT-qPCR).
Gene expression profiles were analysed by RT-qPCR. RNA was
isolated from cells using GenElute™ mammalian total RNA
kit (Sigma Aldrich). The A260/A280 ratio ranged between 1.9
and 2, attesting the purity of extracted RNA. 1 µg of RNA was
converted into cDNA with random primers (0.4 µM) using the
RT2 first strand kit (Superarray Bioscience Corporation, Fre-
derick, USA). Quantitative PCR was performed in a MX3005P
multiplex quantitative PCR system (Stratagene) using MESA
Blue qPCR Mastermix for SYBR Assay Low ROX. Relative
expression values were calculated as 2−ΔΔCt, where ΔCt is the
diﬀerence between the cycle threshold (Ct) values for target
and reference, which is then divided by ΔCt of the calibrator
(housekeeping) gene in order to obtain ΔΔCt values.48 S18 and
GAPDH were chosen as housekeeping genes for normalization
and amplified in triplicate for each assay. Variability in the
expression of these housekeeping genes among the various
conditions was assessed by Bestkeeper, an Excel-based pair-
wise mRNA correlation tool.49 RNA level modulation of target
genes was computed using the Relative Expression Software
Tool (REST)50 based on Ct comparison. Data are expressed as
percentages of the corresponding control ± standard deviation.
4.5.5 Quantification of protein expression. Protein
expression was quantified by western blot. We used 4 repli-
cates of each exposure conditions and controls. Total proteins
were extracted and 20 µg of protein was deposited on 3 inde-
pendent stain-free 7.5% polyacrylamide gels (Biorad), which
migrated at 200 V for 40 min. After transfer on nitrocellulose
membranes, ABC transporter proteins were blotted using
specific antibodies (MDR1: Abcam ab170904, 1/2500; MRP1:
Abcam ab24102, 1/500; MRP2: Abcam ab3373, 1/200; BCRP:
Abcam ab108312, 1/2500). For each of the 4 replicates, on each
gel, the intensity of the specific band was normalized with
respect to total protein content of the lane. Then for each repli-
cate, the normalized intensities of exposed cells were divided
by the normalized intensities of unexposed cells. Average and
standard deviation of these normalized expressions are presented.
4.6 Statistical analyses
Non-parametric one-way analysis of variance on ranks
approach (Kruskal–Wallis) was performed using the Statistica
7.1 software (Statsoft, Chicago, USA). Paired comparisons were
run using Mann–Whitney U-tests and results were considered
statistically significant when p < 0.05.
5. Conclusions
Our results evidenced that agglomerated TiO2-NPs, both
anatase and rutile, coated with serum proteins, induce no cyto-
toxicity or genotoxicity but misbalance the redox status of
Caco-2 enterocytes. Independently of their crystalline phase,
these NPs induce general up-regulation of genes encoding
eﬄux pumps from the ABC transporter family as well as trans-
porters involved in nutrient uptake. This suggests a cellular
response to nutrient starvation and oxidative stress. Finally, all
these results may pave the way to future studies related to the
impact of TiO2-NPs on the gastro-intestinal epithelium, among
them perturbation of nutrient and drug absorption, as well as
xenobiotic eﬄux. Note that these experiments have been con-
ducted on in vitro cell models, exposed to high concentrations
of TiO2-NPs. They should now be completed with experiments
at lower doses, upon chronic exposure, to real-life food additive.
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